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From a device perspective, achieving great merits for both n- and p-type thermoelectric systems is
particularly desirable. By first-principles calculations, electronic, phonon, and thermoelectric transport
properties of 2D SiTe with three different structural phases are investigated, which are quadruple layer
(QL), black-phosphorene-like (a.-SiTe) and blue-phosphorene-like (B-SiTe), respectively. Of these three
structure phases, B-SiTe possesses the best thermoelectric properties. This is because the DOS peak
near the valence band results in a high Seebeck coefficient, further leading to a high power factor. We
also demonstrate that strong phonon scattering heavily influences the lattice thermal conductivity K, of

Received 15th March 2018 . . L . .
Accepted 19th May 2018 B-SiTe. With the combination of high power factor and low K|, the ZT s« value of B-SiTe reaches 0.95 at
T = 1300 K for both n- and p-type doped systems. Therefore, 2D B-SiTe is a promising candidate for
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1. Introduction

Thermoelectric materials, as an important carrier for energy
conversion between heat and electricity, have been widely
studied and considerable progress has been made in the past
several decades. In general, thermoelectric efficiency is deter-
mined by the dimensionless figure of merit, ZT, defined as ZT =
$*To/K, where S, T, o and K are Seebeck efficient, absolute
temperature, electrical conductivity and thermal conductivity,
respectively. The thermal conductivity is given by the sum of
contributions from lattice (K;) and electronic (K.) carriers. A
good performance will rely on a high power factor (5%¢) and
a low thermal conductivity, and these transport parameters are
closely interrelated and related to the complex electronic and
crystal structure. What's more, a thermoelectric device made up
of n- and p-type legs is connected electrically in series but
thermally in parallel, and an ideal case is to prepare two n- and
p-type materials with closely matched properties and compo-
sitions. Hence, providing balanced n- and p- type performance
and great thermoelectric properties is similarly important.
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Great figure of merits have been achieved in both n- and p-
type thermoelectric systems performed at the low- and mid-
temperature (<900 K). We noticed that group-IV tellurides
compounds are typically used for mid-temperature thermo-
electric application, such as PbTe, GeTe and SnTe.'* However,
in the high temperature regime, the state of the art thermo-
electric materials p-type silicon-germanium alloys show rela-
tively low level of ZT value, because of the relatively high lattice
thermal conductivity of the diamond structure.*” In the field
of thermoelectricity, IV-VI compounds with their low lattice
thermal conductivities, have been extensively studied theoreti-
cally and experimentally.>** Especially, silicon and silicon-
based tellurides attracts intensive attentions due to the
nontoxic and earth-abundant features, and possibility to inte-
grate with the modern semiconductor industry. Single-crystal
two-dimensional, layered nanostructures of silicon telluride,
Si,Tes, has been successfully synthesized by Keuleyan et al. in
2015." Thereafter, the theoretical study of Si,Te; in both bulk
and monolayer form has been reported in 2016."> And Juneja
et al. found n-type Si,Te; possess highly efficient thermoelectric
properties in 2017, indicating the potential of silicon-based
tellurides as thermoelectric material.”* 2D SiTe with
a quadruple layer structure has been synthesized successfully as
part of a three-dimensional phase-change superlattice."* Ma
et al. reported the thermally and dynamically stability of 2D
SiTe, and considered it to be a topological material.’* Besides,
two other stable forms of 2D SiTe monolayer, a-SiTe and B-SiTe,
have been proposed by Chen et al, which are black-
phosphorene-like and blue-phosphorene-like, respectively.*

This journal is © The Royal Society of Chemistry 2018
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They predicted the stability of «-SiTe and B-SiTe monolayer, and
investigated the mechanical and electronic properties using
first-principles theory.

In this paper, we systematically study and compare the
electronic, thermoelectric and phonon transport properties of
2D SiTe with three different structures by combining the first-
principles calculations and semi-classical Boltzmann theory.
Our calculation shows that QL-SiTe and a-SiTe reach the high-
est ZT values of 0.58, and 0.82 near the temperature of 600 K,
respectively. Remarkably, B-SiTe possesses high thermoelectric
performance for both n- and p-type doped with predicted ZT
value of 0.92 (n-type) and 0.95 (p-type) at high temperature
(>1000 K). Considering the need of similar mechanical and
thermoelectric properties for n-type and p-type legs of thermo-
electric generator, B-SiTe can be deemed an environmental-
friendly alternative for high-temperature thermoelectric
material.

2. Method

Electronic properties of 2D SiTe crystal are calculated by using
density functional theory (DFT)"” as implemented in the Vienna
Ab initio Simulation Package (VASP).'® Exchange-correlation
potential calculation is based on Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA-PBE)."” For QL-SiTe,
the energy cutoff is set to 400 eV and Brillouin zone (BZ) inte-
gration is performed with the k-points meshes of 20 x 20 x 1.
For a-SiTe and B-SiTe, the calculation is performed with the
energy cutoff of 400 eV and the k-points meshes of 19 x 19 x 1.
The total energy and force are converged to 1 x 10 *eVand 1 x
1072 eV A™!, respectively.

Electronic transport coefficients are calculated through
solving semi-classical Boltzmann transport equation within the
constant relaxation time approximation as implemented in
BoltzTraP program.'” The thermal lattice conductivity is evalu-
ated from self-consistently calculated phonon lifetimes as
implemented in ShengBTE code.*
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The phonon dispersions are calculated by PHONOPY
package.”® To obtain the phonon spectra, we calculated the
second-order harmonic interatomic force constants (IFCs)** by
using density-functional perturbation theory (DFPT).>* And the
third-order anharmonic IFCs can be used to calculate lattice
thermal conductivity and the three-phonon scattering rate, and
are obtained using the 2 x 2 x 1 supercell for QL-SiTe and 4 x 4
x 1 supercell for o-SiTe (or B-SiTe) with finite-difference
method.*

3. Result and discussion
3.1 Structure and stability

2D SiTe possesses three different structural phases, including
QL-SiTe, a-SiTe and B-SiTe. Fig. 1 shows the optimized structure
of QL-SiTe, a-SiTe and B-SiTe. QL-SiTe 2D crystal is represented
by hexagonal primitive unit cell with a P3m1 symmetry. It forms
stacks of four atomic layers along the c-axis with two Te atoms
on the surface of the crystal and two nonequivalent Si atoms at
the center.” a-SiTe 2D crystal has a space group of Pmn2, and
a puckered honeycomb structure with each Si atom covalently
bonded with three Te atoms, and the same is true for Te atom.
In fact, the geometry structure of black-phosphorene can be
realized by replacing Si and Te atoms with P atoms in the o-SiTe
2D crystal. Hence a-SiTe 2D crystal is called black-phosphorene-
like. Similarly, B-SiTe 2D crystal is blue-phosphorene-like with
a space group of P3m1. After fully relaxing the atom structure,
the optimized first-principles lattice parameters are in good
agreement with the previously reported values.'>*®

The structural stability of three SiTe forms with different
structures is confirmed by calculating phonon dispersion in the
method of DFPT. The results in the high-symmetry directions of
the first Brillion zone are plotted in Fig. 2. It can be seen that the
calculated phonon dispersions are free from imaginary
frequencies in the first Brillouin zone, which ensures the kinetic
stability of three SiTe forms with different structures.

d -Q

O Si
O Te

(©)

Fig.1 Top and side views of geometric structure of (a) QL-SiTe, (b) «-SiTe and (c) B-SiTe 2D crystal. The dashed line denotes the primitive cell
used in the calculation. Blue and yellow balls represent Si and Te atoms, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Phonon dispersions along the high symmetry k-points for (a) QL-SiTe, (b) a-SiTe, (c) B-SiTe 2D crystal, respectively.

3.2 Energy-band structure

The calculated electronic structures and total density of states
(DOS) of QL-SiTe, @-SiTe and B-SiTe are shown in Fig. 3. QL-SiTe
is a gapless semiconductor, as the valence band maximum
(VBM) and conduction band minimum (CBM) degenerate at I’
point with Fermi level locating exactly at the degenerate point.
Previous study has shown QL-SiTe undergoes a transition from
a gapless semiconductor to an insulator under spin orbit
coupling (SOC), which suggests that it is 2D topological insu-
lator.” Theoretical investigations show that thermoelectric
performance is closely connected to topological insulator
behavior.>*** «-SiTe is an indirect semiconductor with a band
gap of 0.39 eV, as the VBM occurs along the I'-X line. Fig. 3(b)
shows that a-SiTe band structure is very similar to that of the
single layer SnSe, whose band structure is considered to be
“pudding mold”.***” The “pudding mold” proposed by Kuroki
and Arita has a typical characteristic that a peculiar shape of the
band contains a dispersive portion and a somewhat flat portion,

which is favorable for high thermoelectric performance. The
band structure of B-SiTe is plotted in Fig. 3(c). The VBM is
located at the I' point and the CBM is located on the I'-M path.
B-SiTe shows a larger band gap of 1.82 eV, close to the value of
blue-phosphorene of 1.98 eV. Our calculated results for SiTe are
comparable with previous works (the band gap of 0.40 eV for a-
SiTe and 1.83 eV for B-SiTe).*®

3.3 Electronic transport properties

The electronic transport properties are calculated by solving the
Boltzmann Transport Equation (BTE) using the BoltzTraP code,
as shown in Fig. 4. The difference of Seebeck coefficient
between three SiTe forms is evident: the peak values of n-type
(p-type) QL-SiTe, a-SiTe and B-SiTe are 220 uvV K ' (82 pv
K1), 775 uWWK ' (642 uV K1), 2608 uv K * (2470 uv K ) at 300
K, respectively. Clearly the difference on Seebeck coefficients
stems from the electronic structure. For the “pudding model”
band structure of «-SiTe, a flat upper portion provides large

2 4 4
o ! 2 2 A :%-
3 . 7
~ | ) V! _
| 1.82 eV
50 ! 0 0;8:2,
|
© ! .
W4 : 2 2 .
[} } 1
} L [
| | -
_2 ] 1 1 _4 M| Pl B Y _4 L \! P T T
M T KM2 46 SXIYS246810 I' MK I'2468

(a)

(b) (c)

Fig. 3 Calculated electronic band structure and total density of states (DOS) of (a) QL-SiTe, (b) «-SiTe, (c) B-SiTe, respectively. The red dashed
lines show that a-SiTe and B-SiTe have the indirect band gap with VBM and CBM at different symmetry points.
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Fig. 4 Calculated electronic transport parameters of QL-SiTe, a-SiTe, and B-SiTe as a function of chemical potential at T= 300 K, 600 K, 900 K

and 1200 K, respectively.

density-of-states for a high Seebeck coefficient, while a disper-
sive portion connecting to this provides a light band which
favors high electronic conductivity. However, B-SiTe with the
structure of blue-phosphorene-like deserves the largest Seebeck
coefficient, which is about ten times larger than that of n-type
QL-SiTe. The improvement in Seebeck coefficient of B-SiTe
results from a sharp singularity in the density of states near to
the valence band edge, and it has been demonstrated to
improve thermoelectric efficiency by Mahan and Sofo.”®
Furthermore, the trend of Seebeck coefficients keeps with that
of band gaps. As a gapless topological insulator, QL-SiTe has the
smallest Seebeck coefficient.

In Fig. 4(b), the electrical conductivity of QL-SiTe is relatively
high at low chemical potential in comparison to a-SiTe and -
SiTe, implying a high electrical thermal conductivity. However,
the Seebeck coefficient and electrical conductivity are inversely
connected: as the doping concentration increases, the electrical
conductivity increases and the Seebeck coefficient decreases.
Therefore there exists the trade-off between electrical conduc-
tivity and Seebeck coefficient in order to achieve high power
factor.

Fig. 4(c) shows the power factor with constant relaxation
time 7 as a function of chemical potential u at the temperature
of 300 K, 600 K, 900 K and 1200 K. Due to the trade-off between
electrical conductivity and Seebeck coefficient, power factor
always reaches a peak value at low chemical potential. The
power factor of B-SiTe is twice as much as that of QL-SiTe, due to

This journal is © The Royal Society of Chemistry 2018

high Seebeck coefficient. Calculated results of power factor
indicate that B-SiTe with the structure of blue-phosphorene-like
may have better thermoelectric performance.

The total thermal conductivity K consists of electronic and
lattice contributions. Fig. 4(d) depicts the electrical thermal
conductivity as a function of chemical potential at different
temperatures. Electrical thermal conductivity K. is tied to elec-
trical conductivity ¢ through an important relationship known
as Wiedemann-Franz law, K. = Lo T. Thus, it is reasonable that
K. would show similar behavior as electrical conductivity o.
There is an indication of high thermoelectric efficiency that K is
dominated by electrons unless u is inside a band gap. For o-SiTe
and B-SiTe, there is a substantial range of low chemical poten-
tial where electrical thermal conductivity maintains a low value
(close to 0), while QL-SiTe has not similar performance. With
the combination of prominent performance on Seebeck coeffi-
cient and power factor, we can predict that a-SiTe and B-SiTe
maybe show better thermoelectric efficiency than QL-SiTe.

3.4 Phonon transport properties

Our calculation for lattice thermal conductivity K of three SiTe
forms with different structures is presented in Fig. 5 as a func-
tion of temperature. It is found that the lattice thermal
conductivity decrease as the increasing temperature, as ex-
pected for a phonon-dominated crystalline material, and typi-
cally goes as 1/T, which can be seen in some thermoelectric

RSC Aadv., 2018, 8, 21280-21287 | 21283
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Fig. 5 Lattice thermal conductivity of QL-SiTe, a-SiTe and B-SiTe as
a function of temperature.

materials. All three SiTe materials have very low thermal
conductivity similar to other 2D IV-VI compounds such as SnS
(K, = 47 Wm™" K1), GeSe (K; = 6.7 W m~' K ),® which are
lower than other 2D materials. The lattice thermal conductivity
of QL-SiTe is 1.315 W m ™' K~ * at room temperature, lower than
that of topological insulator Bi,Te; (1.5 W m ™" K '),* which has
been known as a high performance thermoelectric material for
several decades. The lattice thermal conductivity of B-SiTe is

View Article Online
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a little higher than that of QL-SiTe, and «-SiTe has the highest
lattice thermal conductivity.

Next, we tried to reveal why there is a difference of lattice
thermal conductivity of three SiTe phases. As the phonon
dispersion shows in Fig. 2, QL-SiTe and «-SiTe have four-atom
unit cell, resulting in twelve dispersion branches, while the
phonon dispersion of B-SiTe has six branches, corresponding to
the two atoms per unit cell. Three lower branches starting from
0 THz are acoustic modes, and the others are optical modes.
The lowest acoustic mode (out-of-plane transversal vibration)
displays a ¢* relation due to the bending of the monolayer,
however, the in-of-plane transversal and longitudinal acoustic
branches are linear near the I' point. Furthermore, there is an
acoustic-optical gap for the phonon dispersion of B-SiTe and all
optical branches in B-SiTe have frequencies at least twice the
highest acoustic branch frequency, which can weakena+a < o
scattering channels, and further lead to higher lattice thermal
conductivity.** However, the lattice thermal conductivity of B-
SiTe is not as high as expected, and that means other more
important factors can affect the lattice thermal conductivity.

The acoustic phonon branches play a more important role
than optical phonon branches on lattice thermal conductivity,
and lower sound velocity can lead to lower lattice thermal
conductivity. The slope of the longitudinal acoustic phonon
branches at the I' point (shown as dashed straight lines) can
represent the sound velocity to some degree,* as shown in
Fig. 2. In Fig. 6, group velocity and phonon scattering process
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(a) Calculated phonon group velocities and (b) three-phonon scattering rate for QL-SiTe, a-SiTe and B-SiTe.
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Table1 Effective mass (m*), deformation potential constant (E;), 2D elastic constant (C), carrier mobility (1) and relaxation time (z) of QL-SiTe, a.-

SiTe and B-SiTe at T = 300 K

m* (m,) E; (eV) C(Nm™) p(em?>v's™h 7 (fs)
QL-SiTe Electron — 2.41 189.31 — —
Hole — —3.58 — —
a-SiTe Electron 0.52 2.73 145.20 1037 305
Hole 0.27 —4.22 1536 240
B-SiTe Electron 1.80 11.49 78.64 30 31
Hole 1.51 —2.30 94 80

are further calculated. The phonon group velocities of three
SiTe forms are similar. As for the three-phonon scattering rate,
a-SiTe has the lowest scattering rate than other SiTe forms,
indicating a much weaker anharmonic scattering process, and
this is why a-SiTe has the highest lattice thermal conductivity
among three SiTe forms. Based on the analysis and results
above, it can be concluded that anharmonic scattering process
is the main cause of the difference of the lattice thermal
conductivity of three SiTe phases.

3.5 Figure of merit

In order to obtain ZT value, an unknown parameter is the
relaxation time 7. In real systems, the relaxation time varies with
temperature and carrier concentration, and it is very difficult to
precisely calculate the relaxation time 7 on account of complex
carrier scattering mechanisms. Herein, the relaxation time 7 is
predicted by the formula u = et/m*, where u is carrier mobility
and m* is band effective mass. The carrier mobility is predicted
by using the deformation potential theory:**

2eRC

= - - 1
g kg T|m’ | Ey> @

where 7/ is Planck constant, kg is Boltzmann constant, C is
elastic modulus, and E; is deformation potential constant
defined by E; = dEcqe./dd, where E.qqe is the energy of band
edges and 0 is applied strain. Our calculated results of QL-SiTe,
a-SiTe and B-SiTe are displayed in the Table 1. The calculated
deformation potential constants E; for electron are 2.41 eV,
2.73 eV, 11.49 eV respectively, which is within the reasonable
range compared with phosphorene (about 3.98 eV).** The elastic
modulus C are 189.31 N m™ %, 145.20 N m™ %, 78.64 N m™*
respectively, smaller than that of MoS, (120 N m™')* and gra-
phene (335 N m ').** In addition, we can find the electron
effective mass of B-SiTe is nearly three times larger than that of
a-SiTe, in turn, the corresponding carrier mobility of B-SiTe is
very small.

The calculated ZT,,x values of three SiTe phases as a func-
tion of temperature are plotted in Fig. 7. Among of three SiTe
forms, QL-SiTe has the lowest ZT value (0.58 for n-type and 0.21
for p-type). It is because the Seebeck coefficient of QL-SiTe is not
as high as other SiTe forms. In addition, the large electrical
conductivity of QL-SiTe can lead to a large electronic contribu-
tion to the thermal conductivity, which enhances the total
thermal conductivity and suppresses the value ZT largely. QL-
SiTe and «-SiTe reach the highest ZT value at the temperature

This journal is © The Royal Society of Chemistry 2018
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Fig.7 Temperature dependence of the figure of merit of QL-SiTe, a-
SiTe and B-SiTe.

of around 600 K, and the ZT,,.x of B-SiTe reaches near 1 at
a higher temperature (above 1000 K). Furthermore, B-SiTe
shows high thermoelectric performance for both n-type and p-
type doped at the high temperature. This is a favorable char-
acteristic for an ideal thermoelectric device, because both n-
type and p-type materials are needed in a thermoelectric
device, and it is important to prepare two thermoelements with
closely similar performance, properties and compositions. And
there are some theory and experiment studies demonstrating
that the same material can be utilized for n-type and p-type of
thermoelectric leg.>***” The performance of most high-
temperature thermoelectric materials is not as good as mid-

2.0
skutlterudites orZintlI materials I o n-SiGe = p-SiGe
& # n-pB-SiTe * p-B-SiTe
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Fig. 8 ZT values of some representative n-type (hollow) and p-type
(solid) high-temperature thermoelectric materials, including SiGe
alloys,* transition metal dichalcogenides (WS,,** ZrS,, HfS, (ref. 42)),
half heuslter (Hf0_75Tio25Nisn0_995b0_01,43 Hfo_gTio_zCOSbo_gsno_z (ref.
44)), skutterudites (BayLa,Yb,Co4Sby,,*° CeFes_,Co,Shy, (ref. 45)), zintl
materials*® (Mg3sb1_48Bi0_48Teo_o4,47 EUO_ZYbQ_zcao_GMngiz (ref. 48)).
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temperature thermoelectric materials, such as half Heulster
material Hf,, gTiy ,CoSby gSny, (ZT ~ 1 at 1000 K),* zintl phase
Eug,Yb ,Cay sMg,Bi, (ZT ~ 1.3 near 850 K),* skutterudites (ZT
~ 1.7 at 850 K).* B-SiTe without complex structure and heavy
doping shows relatively high performance among high-
temperature thermoelectric materials as shown in Fig. 8. With
the characteristic of showing high ZT value for both n-type and
p-type doped at high temperature simultaneously, B-SiTe is
considered a promising material for high-temperature ther-
moelectric generator.

4. Conclusion

In summary, we systematically analyzed the electronic, ther-
moelectric and phonon transport properties of three 2D SiTe
forms using DFT theory combined with Boltzmann transport
theory. These three SiTe phases are energetically and vibra-
tionally stable, and QL-SiTe is a gapless topological insulator,
while «-SiTe and B-SiTe are indirect semiconductors with band
gaps of 0.39 eV and 1.82 eV, respectively. The difference of
Seebeck coefficient is related to the electronic structure, and B-
SiTe has the largest Seebeck coefficient of 2060 uv K™ * due to
the sharp DOS peak near the valence band edge. These three
SiTe forms have low lattice thermal conductivities in compar-
ison to other thermoelectric materials, and o-SiTe has the
largest lattice thermal conductivity, which may be due to the
relatively low three-phonon scattering rate. When the system is
n-type (p-type) doped with an appropriate concentration, QL-
SiTe and a-SiTe have their highest ZT values of 0.58 (0.21),
0.82 (0.61) in the mid-temperature, respectively. Most interest-
ingly, B-SiTe performs very promising thermoelectric properties
for both n- and p-type doped, with the figure of value of 0.92 (n-
type) and 0.95 (p-type) above 1000 K. With the balanced n- and
p-type thermoelectric properties, B-SiTe shows its potential as
high-temperature thermoelectric material.
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